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where we have assumed the Keplerian relation ` = r
1=2
and
set GM = c = 1 (Lynden-Bell & Pringle 1974).













where e =  
`=2 is the Keplerian binding energy, the sum
of the kinetic and potential energy per unit mass. (Note the
presence of a contribution to the energy ux from the rate
at which the torque, G, does work on the exterior disk.)
The right-hand side represents a radiative loss of energy.
Evaluating it, we recover the standard result that the local
radiative ux, in a stationary disk, is three times the rate
of local loss of binding energy (D. Lynden-Bell, K. Thorne,
quoted in Pringle & Rees 1972).
Next consider the opposite limiting case when the gas
cannot cool and there is no extraneous source or sink of en-
















where u is the vertically-averaged internal energy density, h
is the enthalpy density, and s is the entropy density (Landau
& Lifshitz 1959). As there are no sources or sinks of energy,







































The basic idea and assumptions are set out most trans-
parently in Narayan & Yi (1994; cf. also Ichimaru 1977,
Abramowicz et al. 1995, Narayan & Yi 1995). In the sim-
plest, limiting case, it is assumed that there is a station-






, and v; a / r
 1=2
, where a = [( 1)h=]
1=2
is the
isothermal sound speed and the radial velocity v  
r. The
requirement that P / r
 5=2















Conservation of mass, angular momentum and energy gives




























where the inwardly directed angular momentum ux, F
`
,
and the outwardly directed energy ux, F
E
, are constant if
there are no sources and sinks of angular momentum or en-
ergy. Now, the terms on the left-hand side of equation (9)
scale / r
1=2
and those of equation (10) scale / r
 1
. There-
fore, if we require the ow to be self-similar over several






Combining equations, we derive expressions for the






































The elementary ADAF solution is then completed by den-










  (5=3   )
1=2
. (Note that this, conventional, denition
of  diers slightly from the Newtonian prescription used
by Narayan & Yi 1994.)
This solution has some features (as noted by Narayan
& Yi 1994) that make it somewhat problematic. The rst is
a technical, though somewhat subtle point. As can be seen
from equation (11),  = 5=3 is a singular case and, if im-
posed strictly, requires the ow to be non-rotating. This is
familiar from the Bondi (1952) analysis which found a self-
similar non-rotating inow only when  = 5=3. Narayan &
Yi (1994) avoid this problem by supposing that the mag-
netic energy density is comparable with the ion energy den-
sity and behaves dynamically like a  = 4=3 gas when it is
highly turbulent so that a composite specic heat ratio of
 = 3=2 is appropriate. But if the magnetic energy density
is maintained well below equipartition values, as numeri-
cal simulations of shearing ows suggest is the case (e.g.,
Balbus & Hawley 1998), then the internal energy must be






, well below the Keplerian value. To
match onto the ADAF solutions, weakly magnetized ows
would have to lose most of their angular momentum at large
radii in a manner likely to unbind much of the gas. Note also
that for slowly rotating weakly magnetized ows, the  pre-
scription is inappropriate and the small dierential rotation
makes the generation of eld less likely.
The second concern is more fundamental. The Bernoulli
constant, Be (equation [12]), is necessarily positive. This im-
plies that any exposed gas can escape to innity with pos-
itive energy. Furthermore, the value of Be increases as 
decreases from 5=3, hence addressing the rst problem by
including an equipartition magnetic energy density would
exacerbate this diÆculty. These problems are not simply a
consequence of assuming self-similarity but stem from the
fact that torque transports energy as well as angular mo-
mentum and that, in a steady state, the angular momentum
and energy uxes are conserved. Provided that the mechani-
cal and torque contributions to the angular momentum (en-
ergy) ux are separately increasing (decreasing) functions of




















) must be relatively close to zero at
intermediate radii, r, where r
in
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then follows without using equation (7) which is where self-






diate radii because as much energy has to be transported
outward by the torque as inward by the mass. (By contrast,
there is a net radial inow of entropy.)
Thirdly, in an elaboration upon this model, it is sup-
posed that a conical velocity eld extends to the polar axis,
at least for large  (Narayan & Yi 1995; Narayan, Kato, &
Honma 1997). However, in this solution, the gas is in hydro-
static equilibrium along the axis but is unsupported at its
base and it seems hard to avoid the formation of a funnel
from which gas can escape.
These considerations motivate us to investigate ows in
which powerful winds carry o enough of the mass, angular
momentum and energy to bind the gas to the hole and to
allow accretion to proceed.
4 ADVECTION-DOMINATED
INFLOW-OUTFLOW SOLUTIONS
We continue to assume that the accreting gas cannot cool,
that v  
r and that the ions dominate the equation of
state so that  = 5=3. (As with ADAFs, generalization to
relax each of these assumptions is straightforward.) Let the
mass inow rate satisfy
_m / r
p
; 0  p < 1: (13)
(The restriction on the exponent p allows the accreting mass
to decrease with decreasing radius, while the energy released
can still increase.)






 G) =  _mr
1=2
;  > 0: (14)
























;  > 0: (15)
Equivalently, for the specic angular momentum and energy
















We use the ADAF self-similar scalings except that we










+ (5=2   p)a
2
= 0: (17)
































































must be positive, we conclude that  < 3=2  . The
























Even given our simplifying assumptions, there are three
independent, adjustable parameters, p; ; , that depend
upon the details of the wind (Fig. 1). Let us consider some
special cases.
(i) p =  =  = 0. There is no wind and the system
reduces to the non-rotating Bondi solution.
(ii) p =  = 0,  = 3(1   f)=2. This corresponds to ow
with no wind but with radiative loss, which carries away
energy but not angular momentum. The parameter f , in-
troduced by Narayan & Yi (1994), is dened by the relation
_mTdS=dr = fGd
=dr.
(iii) p = 0,  = 1,  = 1=2. This describes a magnetically-
dominated wind with mass ow conserved in the disk. All of






 (cf. Blandford & Payne 1982, Konigl
1991). There is no dissipation in the disk, which is cold and
thin.





corresponds to a gasdynamical wind where dF
`






  `. The wind carries o its own angular momentum at
the point of launching and does not exert any reaction torque
on the remaining gas in the disk. Any magnetic coupling to










=2p = 1=(p + 5=2). This corresponds to
a marginally bound ow with vanishing Bernoulli constant
(Fig. 2). In practice, it is expected that Be < 0.
(vi) p = 0:75,  = 0:75,  = 0:5. This is an intermediate
solution, with Be =  0:35=r, that carries o the specic
angular momentum of the disk and has a velocity at innity
of 0:41 times the escape velocity from the point of origin.
The angular velocity is 90 percent of the Keplerian value, the
disk thickness is H  0:3r and the inow speed is v = 0:56







mass supplied will reach the hole.
5 DISCUSSION
The application of our advection-dominated inow-outow
solutions (\ADIOS") to describe real astrophysical ows de-
pends upon several considerations. Firstly, we have assumed
that the viscosity is primarily hydromagnetic and dissipates
most of the energy locally into the ions and that electron
heating is ineective. If there is eÆcient electron heating,
then neither ADAFs nor these ADIOS ows are likely to
be of much relevance. Alternatively, it is possible that the
rate of local dissipation is not given by  Gd
=dr; instead
the energy may be transported away by large-scale mag-
netic eld, which can also drive an outow. Secondly, we
have taken the numerical simulations of MHD shear ows
at face value and supposed that   0:01. If  > 0:1, then
c
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p = 0.75 
Figure 1. Allowed regions and limiting cases in the    plane for three values of the mass loss exponent p. The allowed region, shown
with bold lines, is dened by the following four constraints: (i) a;H > 0, (ii) G > 0, (iii) `
W
> `, (iv) Be < 0. (See text.) The light
lines correspond to angular velocities equal to 0.6, 0.8 times the Keplerian angular velocity. The point F for p = 0:75 corresponds to the
ducial solution.
the radial kinetic energy must be included. Just as with the
ADAF solutions, this does not change their character. Pre-
sumably, simulations designed to mimic more closely ADAFs
or ADIOS ows are possible and might determine the level
to which the eld energy density can grow. Thirdly, we as-
sume that there is some means for launching an orderly wind
from exposed surfaces that drains energy away from the in-
terior of the accretion ow. We expect that the wind will be
hydromagnetic and will extract angular momentum as well
as energy, just as in the solar wind. However, pure thermal
winds are also possible, especially as ADAFs are probably
Hiland unstable (Begelman & Meier 1982, Narayan & Yi
1994). The resulting convection will further increase Be at
high latitude.
ADIOS models can be elaborated in much the same way
as the ADAF solutions. The inuence of boundary condi-
tions on the similarity solutions can be followed by directly
integrating the equations of motion (Kato, Fukue, & Mi-
neshige 1998). General relativity has been included at the
inner boundary for ADAFs (Abramowicz et al. 1996, Igu-
menshchev & Beloborodov 1997, Popham & Gammie 1998)
and this approach can be applied to ADIOS as well. If one
adopts the lower values of  advocated here, the ow around
the black hole may look rather similar to the ion torus model
of Rees et al. (1982), although the ow may turn out to be
non-stationary.
Perhaps the most careful application of an ADAF is
to our own Galactic center (Mahadevan 1998). The central





Genzel 1997) and the detailed ADAF model has a steady




and extends over ve decades
of radius. The model spectrum passes through the mm and
X-ray observational data, complies with upper limits in the
infrared, and slightly underestimates the radio emission. To
illustrate the changes caused by substituting our ducial

















Figure 2. Accretion ows with vanishingBernoulli constant. The
allowed region in the     plane is as dened in Fig. 1. The
contours are of constant mass loss exponent p. Flows with Be < 0
carry away more energy.
ADIOS for the ADAF model, suppose that the ow extends




cm to  3m and that the mass




. The mass accretion





lower than in the ADAF solution despite the fact that we
have assumed a mass supply 10 times higher. If   0:01,
the ions will not cool and the density close to the hole will
be similar to that adopted in the ADAF solution, so that a
somewhat similar spectrum can be created, while the mass
of the hole increases at a much smaller rate.
The winds themselves may be sources of observable
emission, especially when they pass through a terminal
shock. Furthermore, the outows, with or without magnetic
eld, can be self-collimating and form jets. (We note that the
c
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outow in M87 appears to be partially collimated within 60
gravitational radii, cf. Junor & Biretta 1995).
The ADAF model has also been applied to black hole
X-ray binaries and their various spectral states, most no-
tably the \quiescent", \low" and \high" states, have been
interpreted as a sequence of ows with increasing
_
M (Esin,
McClintock, & Narayan 1997). These models can account
for the luminosities at which these transitions occur only if
the viscosity is high,   0:3, and the same would be true
for an ADIOS.
One application of the ADIOS model, that may lead to
a clean observational test, is to neutron star accretion. Ra-
diatively ineÆcient ow onto the surface of a neutron star
is not possible for a conventional ADAF solution, because





at the surface. However, with an ADIOS,
the central density of the gas can be greatly reduced rela-
tive to an ADAF with the same mass supply at large radius
and it is still possible to have a ow with low radiative ef-
ciency. Numerical computations of the emergent spectrum
will be necessary to see if these ows can model neutron star
accretion in low states.
Finally, we note that there are many similarities be-
tween accretion at high rates and low rates. In the former
case, the radiative eÆciency is low because electron scat-
tering traps the radiation (Begelman & Meier 1982). These
ows also have to lose excess energy and angular momen-
tum, and winds, like those observed in Broad Absorption
Line Quasars, provide one way by which this may be ac-
complished. Radiation-dominated analogues of ADIOS ex-
ist (Blandford & Begelman, in preparation), and may be
relevant for this case.
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